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INTRODUCTION

The need for new materials that will withstand the rigors of the
space environment is evident in every phase of spacecraft development.
This need is necessitating a sizeable research and development effort
in materials science. One of the critical areas is the development of
improved non-metallic materials for use as coatings, plastics, adhe-
sives, elastomers, etc. Since most of these materials are composed
of complicated long chain molecules known as polymers, a research
program for the development of new polymers has been undertaken.
This program has led to the development of a number of new types of
polymeric materials, but one type, in particular, has shown outstand-
ing properties. These polymers have the general formula,
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The silicone polymers having the general formula,
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have many outstanding properties although they do have some short-
comings. To improve these properties, the silicone polymer has been
modified in a number of ways. The work described here has accom-
plished these modifications by incorporating the highly stable phenyl

groups, / N\ , into the '"backbone'' of the silicone polymer. This

]
is represented by R in the first of the above formulae.
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SUMMARY

In an effort to develop new and improved polymeric materials for
space application, a new series of polymers has been prepared. Some
of these have shown outstanding thermal stability and good stability
when exposed to ultraviolet radiation in a vacuum environment.

High molecular weight polymers of the general type

R

—+0—Si—O—R'—1
L R

An
have been prepared by the reaction of a silyldiamine with various
organic diols. Bis (anilino) diphenylsilane has been reacted with such
diols as hydroquinone, resorcinol, p, p'-biphenol, 2, 7-napthalenediol,
2, 2-propane-bis-{4-hydroxybenzene), 1, 6-hexanediol, and 4, 4'-dihy-
droxydiphenyl ether. Of these, the polymer containing the biphenyl
linkage, polydiphenylsiloxybiphenyl, has the more desirable properties.

Polydiphenylsiloxybiphenyl is stable to 600°C (1112°F) for short
periods of time. Fibers with fairly good tenacity, 0.5 gramis per denier,
may be drawn directly and continuously from the polymer melt. This
polymer forms a hard preotective coating on aluminum, remains stable
after being heated at 500°C for 60 minutes, and shows no change after
96 hours at 270°C (518°F). It also forms good transparent semiflexible
films and has good tensile strength as an ambient temperature adhesive.
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ABSTRACT Qr’]?_

The purpose of this study was to synthesize and develop a new
class of polymers which have improved physical and chemical prop-
erties.

Polymers which have useful properties and very good thermal
stability were prepared by combining the thermally stable aromatic
rings with the silicon polymer chain. These polymers have the
general structure,

L | n
where R represents an alkyl or aryl group and R' is an alkyl, aryl
substituted alkyl, biphenyl or diphenyl ether linkage.

The polymer showing the best properties is polydiphenylsiloxy-
biphenyl which is stable to 600°C (1112°F) for short periods of time.
It is also reasanably stable whlen exposed to ultraviolet radiation, has
good fiber and film forrn‘jng properties, and is a good adhesive at

ambient temperatures.
,/& ;



Thermogravimetric analysis of this polymer showed a weight loss of
18% at 500°C and 46% at 900°C.

The cleavage of Si - N bonds by nucleophilic reagents is discussed
in numerous reports in the literature (Ref. 3, 4, 5, 6, and 7). Pike
(Ref. 8 and 9) has studied the rate of condensation of monofunctional
silylamines with monofunctional silanols,

R,Si OH # R; SiNR}' » R,Si—O—35i R! ¢ HNRY'.

The extent and rate of reaction are dependent upon the steric hin-
drance around both the silicon-nitrogen bond and the hydroxyl group of
the alcohol and acidity of the attacking alcohol. The rate of reaction
of silylamines toward a given silanediol decreased in order,

(CH,) 4 SiN (CzH_S); > (CH,), SiNH-C4H9- n>(CH3‘)Z Si (N(C6H5)z)z'
However, our work has shown that the stable silylamine, bis (anilino) -
diphenylsilane, (CH/), Si (NHC(,Hs)z’ will react with a number of
dihydroxy compounds at rates which are adequate to produce high
molecular weights in relatively short periods of time. This silylamine
appears to have enough steric hindrance so that there is no apparent
tendency to cyclize.

EXPERIMENTAL

Our investigation encompassed the melt polymerization of organic
diols with bis-(anilino) diphenylsilane.

— -
7
H H N
QN Si——NO 4 HO—R—OH —> 4—Si— O0—R—O0 -+
+ C;H_ NH_

This included such diols as hydroquinone, resorcinol, p, p'-biphenol,
2, T7-naphthalenediol, 2, 2-propane-bis-(4-hydroxybenzene) -(Bisphenol
A), 1, 6-hexanediol, and 4, 4'-dihydroxy-diphenyl ether. Alkylaryl



Division for their assistance in the analysis and characterization of
these materials. Appreciation also is expressed to Dr. Robert E.
Burks of Southern Research Institute for his assistance in this study.

STATE OF THE ART

MacFarland and Yankura (Ref. 1) reported the preparation of a
polymer with the structure,
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which can be prepared by two different methods. One method of prep-
aration was by the following alcoholysis type condensation reaction:

R,Si(OC,H,), # HO AQ—O—_O——OH%Polymer 4 C,H,OH.

The other was a condensation between the chlorosilane and the dihy-

droxydiphenylethers.
? -

Cl—Si—Cl1 ¢ HO-~—<‘\>—-—O-{>—OH—>Polymer 4 HC1.
! — —
R

Breed and Elliott (Ref. 2) have reported a polymer with good
thermal stability which was prepared by the following reaction;

H Me Me Si H

[ T T I
Me—N-——Si——N—S|i—-N—Me 4 HOOH——>
I

Me Me
Me Me Me
Sli——lll—.SIi—O / —0
e e T .




copolymer was prepared also. All of these polymers showed elasticity
at elavated temperatures, and fibers could be drawn from the elastic
melt.

Monomers

Bis(anilino) diphenyl silane was prepared using the procedure of
Anderson (Ref., 3) by the reaction of diphenyldichlorosilane and aniline.
Three hundred and twelve ml (4.0 moles) of freshly distilled aniline
and 400 ml of benzene were placed in a round bottom flask. Two hundred
and eight ml (1. 0 moles) diphenyldichlorosilane in 250 ml of benzene
were added dropwise with rapid stirring. After refluxing for one hour,
the reaction products were allowed to stand overnight and then were
filtered. The filter cake was slurred in 2.5 liters of boiling benzene,
and the aniline hydrochloride was removed by filtrations. The filtrate
was evaporated to approximately one half of its volume to effect cry-
stallization of the desired monomer. {‘he bis(anilino) diphenylsilane-
was dried at room temperature under reduced pressure. The final prod-
uct was a white crystalline material that melted at 156-161°C. The
calculated values for the elemental analysis of this compound are C,
78.69%; H, 6.01%, N, 7.65%; Si, 7.65%, and values found were C,
78.00%; H, 5.73%; N, 7.20%, Si, 8.00%.

The organic diols were obtained from commercial sources; but
in each case they were recrystallized before using. The Bisphenol-A
was obtained from Dow Chemical, and all other diols were obtained from
Eastman Organic Chemicals.

Polycondensations

Equimolar amounts of the monomers were placed in a thick-walled.
resin kettle which was equipped with liquid take-off condenser and a
vacuum source. The kettle was heated, and the contents were stirred
with a hot plate-magnetic stirrer combination. A heating mantel was
used on the kettle to help remove the amine as it was evolved. The mono-
mers were first mixed in the solid state, and then hedt was applied
slowly. The monomers were thoroughly mixed after they melted. After
about 30 minutes, vacuum was applied slowly. The final reaction con-
ditions were about 1 mm Hg vacuum at about 300-325°C. The heating
time was generally six hours.




Polymers prepared by the above reaction are as follows:

- -

Polymer I, -+ Si—0O ‘\_/‘ O
| —

M. P. above 300°C

Analytical: Calculated for (C13H14OzSi): C, 74.45%;H, 4.86%:; Si, 9. 67%.

Found- - C, 73.43%;H, 4.54%; Si, 10. 49%.
P ]
N | |

Polymer II, -———éi——o—O——o-b
- l

A yield of 96.7% of theory of a hard, brittle polymer was obtained.

M. P. 253-257°C
Analytical: Calculated for (C4H,,0,5i),: C, 74.45%;H, 4.86%;Si, 9.67%.

Found-- C, 74.45%;H, 4.86%;Si, 10. 56%.
- —

Polymer III, —+—- Si —O-—</ .-——\>—(‘—;\>—O——

n

A vyield of 98. 4% of theory of a tough, semiflexible polymer was
obtained.

M. P. above 300°C
Analytical: Calculated for (C4,H,40,51),: C, 78.65%;H, 4. 95%;5i, 7. 66%.
Found- - C, 78.13%:;H, 4. 94%;Si, 8. 7%.




Polymer IV,  ——Si—0O o —+—

M. P. 123-125°C

Analytical: Calculated for (CZ?_H“OZSi)n: C, 77.75%;H, 4.71%; Si, 8.20%.

Found-- C, 77.67%;H, 4.74%; Si, 8.92%.
Q o
Polymer V, —|+—5i—0 /N C /N O4—
f \—/ I \__/
- an

M. P. 99-100°C
Analytical: Calculated for (Cy7, O; Si),: C, 79.37%;H, 5.92%; Si, 6. 88%.

Found-- C, 78.41%;H, 5.94%; Si, 7.10%.
- —

Polymer VI, —1—Si—O0—(CH,)—™ O—

L In

A yield of 96.0% of theory of a sticky solid polymer was obtained.

M. P. 253-257°C

Analytical: Calculated for (C,gH, 0,Si),: C, 72. 44%; H, 7.43%; Si, 9.41%.
Found- - C,7L.13%; H, 7.11%; Si, 9.86%.




Copolymer VII, +— Si—O—</:\>—©~ O —Si— O —(CH,)e~0O +—

A very tough semi-flexible polymer was formed.

M. P. above 300°C

Analytical: Calculated for (C, H,40 Si),: C, 75.86%; H, 6.06%; Si, 8.45%.
Found- - C, 74.78%; H, 5. 08%;Si, 10.7%.

p—

_ ]
AN

| /
Polymer VIII, =+—Si—O O —OT1—

M. P. 127-130°C

Analytical: Calculated for (C24H1803Si)n: C, 75.33%; H, 4.74%; Si, 7.34%.
Found -- C, 75.46%; H, 4.67%; Si, 7.96%.

The properties of the polymers prepared are given in Tables I and II.




The infrared spectra obtained on the polymers presented in this
report have been studied, and the correlation of data from these related
compounds gives credence to their assigned structures (FIG1, 2,

3, and 4). It is possible to give assignments to aromatic substitution
patterns, hydrocarbon groups, and silicon-to-oxygen bonds, etc. In
polymers I, III, V, VII, and VIII, there is a common adsorption band
between 824 and 835 wave numbers (cm‘l). This band can be attributed
to the C-H out-of-plane deformation by the 1,4 disubstituted aromatic
rings. In addition, all of the polymer spectra show two distinct adsorp-
tion bands at 720 and 690 cm~}. These adsorption bands arise from the
mono-substituted aromatic rings attached to the silicon. In the case

of polymers II and IV, identification of the aromatic structures, other
than the mono-substituted system, is difficult. It may be possible that
the very strong adsorption bands at 768 cm=-1 in polymer II are caused
by the three adjacent hydrogen atoms in the 1, 3 disubstituted aromatic
ring. Polymer IV does not show any specific bands in the 900 to 650

cm =1 region that would enable one to as sign aromatic substitution.
However, the shifting of the 1600 and 1590 cm~! may be an indication of
the naphthaiene structure. Therefore, additional data on similar polymer
structures would be required before positive assignments can be made.

Based on the correlation of data from these polymers and other
organo-silicon structures, the sharp medium adsorption bands at
1429 cm~1 and the strong broad system at 1125 cm~! can be attributed
to the Si-Phenyl linkage. The Si-O linkage gives rise to rather broad
band system observed just below 1100 cm~!, The adsorption band
observed between 1200 to 1300 wave numbers is apparently due to the
phenoxysilicon portion of these polymer structures. This phenoxy-
silicon assignment is indicated by the appearance of the very strong band
in all of the spectra, except in the case of polymer VI where this
structure does not occur. The structural arrangement of the propyl
group in polymer V should give rise to a vibrational pattern similar
to that of an isopropyl radical. This pattern is confirmed by the strong
peak at 1429 cm~1 and the two weak peaks at 1385 and 1363 cm-=1,

Polymer VII is a co-polymer of the structures suggested for polymers
III and VI. It is evident when comparing the spectra of III and VII that
there is little difference between these spectra to suggest a new structure
with the exception of the weak aliphatic CH doublet between 2850 and 2940
wave numbers. Thus, the infrared spectra of the polymer VII does not
indicate whether the suggested structure is correct. At this time, it is



not understood why the adsorption intensity of this CH doublet between
2850 and 2940 cm’l is weak, nor does the structure for polymer VII
suggest why the normal aliphatic stretching mode should be attenuated
to the degree observed in the spectrum. Correlation assignments for
the diphenoxy linkage in polymer VIII could not be made from the
infrared spectra.

The N-H vibration band of amino-silanes between 3320 and 3340
l is absent in each case, indicating that there is no bis (anilino)
diphenyl silane present.

cm”

DISCUSSION

With the exception of polymer VI, all products are soluble in
tetrahydrofuran (THF), dimethylformamide (DMF) or dimethylsulfoxide
(DMSO). Protective coatings from THF solutions upon ceramic-coated
metal plates have improved ultraviolet stability, (See Table IV.) The
change in percent reflectance with wave length for irradiation time of
48 hours at a pressure of 2 x 102 mm Hg was determined.

The thermal stabilities of all the polymers are given in FIG 5, 6,
and 7. These were obtained by thermogravimetric analysis (TGA) in a
nitrogen atmosphere by using a heating rate of 4. 1°C per minute.

FIG 5 presents the TGA data of the four polymers which are true
aromatic types. It may be observed from these data that polymer III
has the best thermal stability, losing 10% of its weight at 600°C.

FIG 6 shows the effect of using a propyl group or oxygen between the
two phenyl groups in this polymer. Again, polymer IIl is the most
stable. FIG 7 shows the relative stabilities of aromatic versus aliphatic
'"chain units' and a copolymer which contains both. It may be seen that
the aliphatic polymer lost most of its weight at 500°C while a 50/50 co-
polymer is only slightly less stable than the totally aromatic polymer.

When polymer III was prepared with starting materials which had
been recrystallized three times, fairly strong fibers could be drawn
continuously from its melt. These fibers showed an initial tenacity of
0.5 grams/denier. Since they may be hot or cold drawn, their strength
should be greatly increased if proper spinning methods are used.

Brittle fibers could be drawn from the melt of all other polymers. Poly-
mer VIII gave a semi-flexible, fairly weak fiber which showed improved
strength after drawing over a hot plate.

10




A thermally pressed film of 15 mil thickness of polymer III had a
tensile strength of 3560 psi with an 11% elongation. When tested as a
hot melt adhesive on 1020 mild steel, the average tensile shear strength
of the polymer was 3920 pounds per square inch.

Polymer I formed a good hot melt adhesive and had tensile shear
strength of 2950 psi. When the shear tensile strength of polymers I
and III was compared, an increase of about 33% was observed due to
the replacement of a benzene ring by diphenyl.

The thermal stability of copolymer VII was considerably better
than the polymer (VI) containing exclusively alkyl '"chain units' and was
only slightly inferior to the structure having only diphenyl group (III).
Unfortunately, polymer VII could not be tested as a hot melt adhesive
because of insufficient melting at 400°C (725°F). Number average
molecular weights ranging up to 180, 000 have been obtained with
polymer III. Table III shows the range of molecular weights obtained
in various reactions. No attempts were made to define conditions for
obtaining maximum or optimum molecular weights. However, it may
be noted in Table III that reaction time affects molecular weights.

Polymer III produces a flexible coating on aluminum which may be
cured by heating at 270°C (518°F) for 16 hours. This film remained
stable after being heated to 400°C (752°F) for four hours and showed no
decomposition after 96 ho%rs at 270°C (518°F).

CONCLUSIONS

This investigation has led to the discovery and initial development
of a new polymer system which gives many indications of being superior
to presently available materials. One of the most outstanding properties
is its stability at elevated temperatures, being stable at 500°-600°C
(932°-1112°F) for short periods of time.

The best of these polymers appear to be suitable for improved
coatings, laminates, films, fibers, molding compounds, and adhesives.
In each of these applications, the materials have shown properties
which suggest their potential commercial application. The use of these
materials as thermal control coatings, as molding compounds, and as
adhesives may be of value in several areas of launch vehicle technology.

11



The application of these polymers as thermal control coatings
appears to be especially promising. A thin coating on aluminum
remained stable after four hours at 400°C (7520F). This coating also
showed good stability when exposed to ultraviolet irradiation as com-
pared to a commercial high temperature silicone coating.

FUTURE PLANS

Since the initial results of this investigation appear quite favorable,
we presently plan to evaluate these materials in more detail. Plans are
being made to evaluate further the fiber-forming properties of poly-
mer III and its use as a compression molding compound. A program
also is planned to develop a chemical cure for this polymer so that its
use as an adhesive might be improved.

Model compounds of the polymeric units will be prepared in order
to study their chemical stability and reactivity.

Since these materials have shown promise as high temperature

coatings, they are being evaluated further and compared with other new
high temperature polymer systems.

12
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TABLE IV. ULTRAVIOLET IRRADIATION

Irradiation Time:
Pressure: 2.0 x 10-5 mm Hg

U. V. Source:

Polymer II1

Wave length % Reflectance

48 Hours

Hanovia Quartz Mercury-Vapor
Lamp, Type 54A-10

Control Sample

1

myL Initial
400 69.0
425 79.0
450 82.0
475 84.0
500 85.0
525 87.0
550 87.0
575 87.0
600 85.0
625 85.0
650 85.0
675 85.0
700 85.0

Final

42.

53.

60.

68.

12.

76.

78.

78.

79.

81.

81.

81.

82.

0

% Reflectance
Initial Final
64. 0 25.0
78.5 35.0
81.5 46.0
84.5 57.0
85.5 65.0
87.5 72.0
87.0 76.5
87.5 79.0
87.0 81.0
85.0 82.0
85.5 82.5
85.5 82.0
85.0 82.0

1 A commercial high temperature coating material (Dow Corning 808)
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